Abstract. We image the gigahertz vibrational modes of a plasmonic-phononic crystal at sub-micron resolution by means of an ultrafast optical technique, using a triangular array of spherical gold nanovoids as a sample. Light is strongly coupled to the plasmonic modes, which interact with the gigahertz phonons by a process akin to surface-enhanced stimulated Brillouin scattering. A marked enhancement in the observed optical reflectivity change at the centre of a void on phononic resonance is likely to be caused by this mechanism. By comparison with numerical simulations of the vibrational field, we identify resonant breathing deformations of the voids and elucidate the corresponding mode shapes. We thus establish scanned optomechanical probing of periodic plasmonic-phononic structures as a new means of investigating their coupled excitations on the nanoscale.
Introduction
The study of the gigahertz acoustic vibrations of nanostructures and nano-objects using ultrafast optical techniques has developed rapidly in parallel with the progress in nanofabrication. The drive to better understand vibrational modes of nanostructures, in particular their frequency and damping, stems from the dependence of these properties on geometry [1] [2] [3] [4] , as well as from possible applications in ultrasensitive mass, chemical or gas sensing [5] [6] [7] . In particular, attention has been devoted to periodic acoustic nanostructures, i.e. phononic crystals, where phononic band gaps arise [8] [9] [10] [11] [12] [13] [14] [15] [16] ; such research on regular arrays of nano-objects has led to enhanced control over systems with resonant frequencies in the gigahertz range, paving the way for the development of novel high-frequency acoustic devices such as acousto-optic modulators and sensors.
The optical properties of periodic nanostructures have also come under scrutiny. In particular, for metallic samples it is the plasmonic properties, i.e. involving electromagnetic coupling to charge-density oscillations, that show great promise because of their applications in photonic nanocircuits, surface-enhanced Raman scattering (SERS) and sensing [17] [18] [19] [20] . The harnessing of both plasmonic and phononic effects in periodic metallic nanostructures, i.e. plasmonic crystals, is a relatively new field: following on from research into the vibrations of individual or small groups of plasmonic nano-objects [21] [22] [23] [24] [25] [26] [27] [28] , gigahertz vibrations of gratings and hole arrays exhibiting surface-plasmon-mediated extraordinary optical transmission have been studied [29, 30] , as well as such vibrations in three-dimensional arrays of spherical nanoshells [10, 31] . However, no attention has been paid to the coupling of the plasmonic properties with the collective phononic properties of a periodic nanostructure in the time domain.
In this paper we extend these investigations to probe the coupling of the plasmonic and phononic properties of periodic solids, or what may conveniently be termed plasphonic properties, in an array of gold nanovoids. These structures, consisting of truncated spherical voids, have previously been shown to have pronounced plasmonic properties [32] [33] [34] [35] , leading to enhanced Raman scattering [18] and fluorescence [36] . To understand the interaction of gigahertz vibrational modes and plasmonic modes in periodic structures, an optimal technique would be to probe the vibrational field over the sample. Here we exploit an imaging technique based on ultrafast optics to excite a periodic structure in the form of a nanovoid plasmonic | inside the void for normally incident plane-wave x-polarized pump light at 820 nm focused on the centre of a single, isolated void witht = 0.6. (e) Top view (x y-plane cross section through the points for which the intensity is a maximum) and (f) side view. The length scales in (e) and (f) are identical, and the intensity scales are normalized. (g), (h) Equivalent intensity distributions for circularly polarized plane-wave probe light at 410 nm.
crystal, and make two-dimensional spatially resolved measurements of transient reflectivity changes. We thereby obtain, for what to our knowledge is the first time, images representing the plasphonic response of a plasmonic-phononic crystal, and demonstrate a marked enhancement in the optical reflectivity change on phononic resonance for optical excitation in the centre of a nanovoid. We interpret our results by means of acoustic simulations.
Experiments and results

Samples
The gold nanovoid arrays are formed in triangular lattices using a nano-casting process involving electrochemical deposition on a silica substrate of thickness 1 mm through a template of self-assembled latex spheres (for details see [35] ). Retracting the sample from a plating solution allows a graded thickness geometry to be achieved on a single sample. A threedimensional rendering of a void array is shown in figure 1(a) , showing their truncation.
A scanning electron microscope image is shown in figure 1(b) for a void radius of R 0 = 800 nm, a pitch of 1580 nm and a truncation thickness d of 960 nm, or normalized thickness t = d/(2R 0 ) = 0.6. The quantityt varies (over a few mm) from 0 at the thin end of the sample to 1 at the thick end, as shown schematically in figure 1(c) together with the definition of d. There is a 360 nm layer of gold below the voids deposited onto a 25 nm chromium adhesion layer on the silica substrate. Whent is small the surface takes the form of an array of shallow dishes. For larger values oft, triangular pillars exist between three adjacent truncated spherical cavities, as in the case oft = 0.6 (figures 1(a) and (b)). At larger values oft these pillars are connected and, fort 1, the sample consists of an array of connected spherical voids. We conduct ultrafast optical experiments on this sample at a position corresponding tot = 0.6, where the vibrational modes are clearly detected.
Optical setup and characterization
We use a two-colour, pump-probe technique to excite and probe the gigahertz vibrational modes of the sample. A Ti:sapphire mode-locked laser with a central wavelength of 820 nm, a pulse duration of 200 fs and a repetition rate of 81 MHz is used to form a linearly polarized pump beam for excitation with incident pulse energy 0.4 nJ. (We verified that the optical reflectivity changes were proportional to the pulse energy up to this value.) The pump polarization is aligned along the x-direction (i.e. a symmetry direction) of the nanovoid lattice in figure 1 . The pump beam is modulated by an acousto-optic modulator at 1.1 MHz before being focused at normal incidence through a ×100 objective to a full-width at half-maximum intensity 650 nm diameter spot on the sample. The choice of R 0 = 800 nm thus allows us to excite a single plasmonic void (without damage). This point-like source results in a large number of vibrational modes with a wide range of acoustic wavevectors k being excited [37] . These nanovoid samples also support a number of localized and extended plasmonic modes [32] [33] [34] [35] : the former, termed Mie plasmons, are characterized by angular and principal mode numbers l and n; the latter, termed Bragg plasmons, are characterized by associated reciprocal lattice vectors. In the present experiments at normal optical incidence, we expect localized Mie plasmons to have a strong influence on the optical absorption. The tight optical focusing, however, implies that wavevectors corresponding to propagating modes inside the plasmonic Brillouin zone are also excited. The white-lightmeasured normalized optical absorption spectrum for the R 0 = 800 nm sample for a range of normalized thicknessest, shown in figure 1(d) , shows clearly the excitation of Mie-like plasmons [32] [33] [34] [35] . By extrapolation from previous published data [34, 35] for voids of radius 300 and 500 nm, we identify at the side of the figure the modes corresponding to n = 1, l = 1-4 for the analytically solvable case oft = 1 (the case of a spherical cavity in gold). To show the field localization produced by Mie-like plasmon modes, the optical intensity distribution produced by linearly polarized plane-wave incidence at the pump wavelength is extracted from electromagnetic finite-element simulations (COMSOL Multiphysics-using standard optical parameters for gold [38] ) in figures 1(e) and (f) for a single nanovoid of radius R 0 = 800 nm andt = 0.6. Concentration of the electric field near the bottom of the void is evident.
We have previously shown that two-colour pump-probe techniques are ideally suited to spatially resolve GHz vibrational distributions [37] . A frequency-doubled probe beam at λ = 410 nm (pulse energy 0.04 nJ) is passed through a delay line, is directed onto the sample through a quarter-wave plate to render it circularly-polarized, through a dichroic mirror to combine it with the pump beam, and then through the same objective as the pump to focus it, and is focused to the same spot size, at the same point on the sample and in the same focal plane as the pump (i.e. confocally). The pump-probe focusing plane was chosen at a point ∼400 nm below the top plane of the sample, a plane for which the sample features were well resolved. (See below for images.) Both pump and probe spot sizes were controlled by spatial filters in the respective beams. The simulated optical intensity distribution produced by circularly-polarized plane-wave incidence at the probe wavelength is shown in figures 1(g) and (h), indicative of higher-order Mie-like-plasmon excitation compared to the pump because of the higher photon energy. Owing to the circular polarization, the intensity distribution possesses circular symmetry. Similar plots for other void diameters, truncations and wavelengths are given elsewhere [34, 35] . The reflected probe light is detected after reflection from a polarizing beam splitter and compared with that of a reference beam using a balanced photodiode. Synchronous lock-in detection is then used to detect the small, ∼10 −4 , relative variations in intensity of the probe light as a function of the pump-probe delay time.
Results for selected points on the sample
Figure 2(a) shows the relative probe reflectivity change δ R/R for two different (high-symmetry) points on the nanovoid lattice. The green curve corresponds to the centre of a void (green dot in figure 1(b)-identified in experiment from their higher reflectivity), whereas the blue curve corresponds to a 'pillar point' equidistant between three voids (blue dot in figure 1(b) ). The void-centre trace and pillar traces were averaged over 7 and 24 equivalent locations on the void array, respectively 5 . At delay time t = 0, the pump beam excites electrons in the gold, prompting a rapid increase in reflectivity. Within ∼500 fs the electrons thermalize [39] , and the energy is transferred to the phonons, heating the sample. This heating also produces a corresponding complex refractive index change, leading, in general, to an impulsive response of δ R/R. 6 This heating excites the vibrational modes of the sample through thermal expansion, producing oscillations in δ R/R. These oscillations are sensed by the frequency shifts of the plasmon resonance and also by the modulation in the spatial intensity distribution of the returning probe beam (induced lensing). Both these effects are induced by the changes in shape of the oscillating nanostructure. (The photoelastic effect, i.e. the direct modulation of the refractive index of the gold by the strain in the sample, is negligible at the chosen probe wavelength [40] .) These detection mechanisms are extremely sensitive to the way the probe light scatters from the sample surface.
The temporal variation can be analysed within the time window of 12.3 ns allowed by the optical pulses (which repeat with this period). To obtain the response of the sample in the frequency domain, we perform a temporal Fourier transform over this window (after first zero padding to t = −12.3 ns for smoothing purposes, subtracting the background variation with an exponential curve, and removing thermal spikes by setting the first 30 ps of the variation to a constant value). The result is shown in figure 2(b) for the two chosen high-symmetry points on 5 The seven voids and 24 pillars correspond to those enclosed by the hexagon in figure 3(a) . 6 The calculated maximum transient temperature change of a flat gold film under the same excitation conditions is ∼70 K, assuming that the electron diffusion depth is ∼100 nm [51] . Our observed value for δ R/R ∼ 5 × 10 −4 (see figure 2(a)) arising from this temperature change is in approximate agreement with that, ∼10 −3 , estimated from available data for the thermoreflectance of gold at the probe photon energy [52] . Under these conditions the steady-state average temperature rise of the surface of a thin gold film on a silica substrate in the centre of the pump-light spot is estimated to be ∼150 K. 7 whereas for the pillars between three voids the response is much weaker, with peaks in the same range. In particular, for 0.73 GHz the response is ∼120 times smaller at the pillar compared to the void centre. The larger response for excitation in the void centre we believe to be mainly the result of a more efficient excitation of the void vibrations and a more efficient modulation of the probe beam. Both these effects are enhanced by the excitation of Mie-like plasmons.
The overall decrease in the modulus of the temporal Fourier transform (|FT|) of δ R with frequency is presumably caused by a decrease in the detection efficiency when the dominant acoustic wavelength associated with the modes of vibration of the sample becomes smaller than the optical spot size. For a wavelength of ∼600 nm and a characteristic surface acoustic wave velocity of ∼1.3 km s −1 noted in our simulations, as shown in the supplementary data [27] . In order to extract the experimental frequencies f , Q-factors and phases ψ for the three main vibrational resonances, the experimental time-domain data for the void centre are fitted to a set of three damped sinusoidal waves of arbitrary phase, amplitude and damping, adjusted for each resonance (labelled by index i) so as to minimize the mean absolute difference between the data and the fitting function
where γ i = 2π f i /Q i and Q i is the corresponding Q-factor. 8 Table 1 shows the resulting fitted parameters obtained for each of the experimentally detected modes. The fitted frequencies correspond closely to the experimentally measured peak positions, and the fit in the time domain, shown by the dashed green line in figure 2(a) , gives good agreement with that observed. This fitting procedure is subject to errors of up to ∼10% in the obtained parameters (with the phase compared to 2π ).
The fitted frequencies are 0.27, 0.75 and 1.01 GHz, labelled by (1), (2) and (3), respectively. The observed Q-factors, in the range 6-30 (or mode lifetimes all ∼100 ns), are strongly influenced by surface acoustic wave radiation and leakage to the bulk, as discussed later, and also possibly by inhomogeneous broadening owing to sample defects 9 . The phase lead ψ for each of the modes is shown in table 1 in units of π. If the excitation of thermal stress is considered instantaneous on a time scale compared to the oscillation period, the nanovoids should start oscillating from a point of maximum displacement, yielding a cosine variation in displacement [41, 42] . This is indeed approximately the case for the mode (2) . Deviations from such a variation can occur owing to thermal diffusion in the gold or silica substrate, as previously observed in ultrafast vibrations of metal nanoshells and nanorings [27, 43] . The sign of ψ also depends on the optomechanical detection mechanism, such as, for example, the spatial distribution of the modulated light reflected from the nanovoid and its passage through the detection optics. 
Ultrafast imaging
To better visualize the nanovoid vibrations, the sample is mounted on a closed-loop-control piezoelectric stage with 10-nm spatial resolution. We map the vibrational response in steps of 300 nm over a 6.3 µm square region. A typical probe reflectivity (R) image is shown in figure 3(a) . This normalized image and subsequent images in figure 3 are smoothed to remove graininess. The centres of the voids correspond to the bright white regions, whereas the pillars, in spite of their sub-micron size, show up as the smaller, grey spots in between 10 . The ratio between the reflectivity R at these points is ∼1:0.6 (with the darkest regions taking the value ∼0.25 on this scale). Figure 3(b) shows an image of the change in probe reflectivity δ R(t) at delay time t = 3.2 ns. The position of the nanovoid centres is again clearly visible. (An animation of this temporal response is given in the supplementary data, available from stacks.iop.org/NJP/15/023013/mmedia.) These data allow one to construct spatially-and frequency-resolved images of the modulus of the temporal Fourier transform in steps of the optical repetition frequency 0.081 GHz. 11 An image for 0.73 GHz, corresponding to mode (2) , is shown in figure 3(c) . Regions of stronger δ R correspond to the nanovoid centres in this image, which shows some random variation from void to void (partly due to the finite step in the spatial scan). Using the point symmetry of the lattice 12 allows us to average the complex Fourier transform over six-fold rotation and reflection, and spatially around each void position using the seven central voids (see figure 3(a) ) 13 . We thus present the mean response for |FT| over a rectangular cell centred on a nanovoid, as shown in figure 3(d) for modes (1)-(3) , as well as for another frequency for comparison. For modes (1)- (3), (represented by frequencies 0.24, 0.73 and 1.05 GHz in the images, respectively) the response in the central region in the void is characteristically greater than that in between, as mentioned above for mode (2) . Because the Fourier transform phase is also available, these images can be seen in animation (see the supplementary data, available from stacks.iop.org/NJP/15/023013/mmedia). Mode (1) corresponds to a wavevector inside the first Brillouin zone of the phononic lattice, whereas wavevectors for modes (2) and (3) lie outside (see the supplementary data).
Although our probe spot diameter of 650 nm limits the available resolution, we were able to reproducibly detect a significantly different spatial response at 0.97 GHz, just below mode (3) resonance, also shown in figure 3(d): δ R near the pillar positions between three voids is very similar to that near the void centres. (Slight deviations from lattice translational symmetry are caused by sample imperfections and possibly by the finite step size of the raster scan.) These offvoid-centre responses confirm our conclusions from point-by-point measurements that the flat pillar tops are also effective for sample excitation at certain frequencies. Excitation at the side of a void in an off-symmetry position on the plasmonic-phononic crystal is expected to involve complex optical fields spread out within a void, as suggested by previous models [34] , and these excitation positions appear to be less effective in inducing a response in δ R, either because of less efficient optical excitation of vibrations, less efficient probe-beam optomechanical coupling or the smaller reflectivity R.
The spectrum of figure 1(d) (fort = 0.6) shows that our pump wavelength is tuned close to a plasmonic resonance. Although our probe wavelength is not covered by this spectrum, extrapolation of the data of figure 1(d) to shorter wavelengths suggests that this wavelength is also likely to lie close to a plasmonic resonance. This proximity to plasmonic resonances suggests that plasmonic enhancement of the excitation and detection of the acoustic phonon response is involved here, in particular for mode (2) of the void centre where the very strong 11 For the image data, we did not subtract the background because each trace showed increased noise compared to the averaged traces in figure 2(a) . This does not significantly affect the images. With zero padding one can obtain a frequency resolution of 0.0405 GHz, but this was not used in the image analysis in order to avoid extra interpolation. 12 Thermal diffusion serves to redistribute the heat generated by optical absorption during the thermoelastic generation of vibrations. The thermal diffusion length in gold over a typical vibrational cycle T = 1 ns is ∼ √ DT ∼ 400 nm, where D ≈ 1.3 × 10 −4 m 2 s −1 is the thermal diffusivity of gold. We therefore assume that the spatial distribution of thermal expansion effective in generating the vibrational field produced by the linearly polarized pump beam does not break the point symmetry of the lattice. 13 Averaging was carried out by rotation and reflection of regions of dimensions 1.6 µm × 1.6 µm centred on each void. This forces six-fold rotational symmetry about the centre of the processed images and six axes of reflection, but does not force the translational symmetry of the lattice. enhancement in δ R (∼120) is observed (and also in δ R/R, ∼70) compared to that of the pillar (that appears to be non-resonant at this frequency). Excluding the void-centre vibrationalresonance enhancement factor of Q ≈ 20 for this mode (see table 1), this suggests a factor ∼6 enhancement in δ R. Plasmon-mediated signal enhancements are observed in SERS [44] [45] [46] [47] [48] , and related enhancements in the case of coherent acoustic phonons can be termed surfaceenhanced stimulated Brillouin scattering (SESBS) by analogy to the non-stimulated version SEBS (for which thermally-excited incoherent phonons provide the scattering source) [49, 50] . By analogy with SERS or SEBS, the enhancement in SESBS depends on the plasmon-enhanced optical amplitudes at the pump and probe wavelengths. Here the detection mechanism differs from conventional Brillouin scattering in that it takes place in the time domain, and is manifested by a heterodyne beating between the Brillouin-scattered and reflected probe light. The complex and different nature of the optical scattering of the tightly focused optical probe beam from the void-centre and pillar points, however, prevents us from definitively identifying the origin of the enhancement in the present study. (This will have to await optically spectrally resolved measurements on this type of sample in order to scan through plasmonic resonances.) A full numerical analysis of such spatio-temporal effects involving optical excitation and detection at arbitrary points across the sample is very involved, and requires a knowledge of the plasmonic dispersion [33] characteristics of the structure. This is beyond the scope of this paper, so we concentrate here mainly on the void-centre response.
Acoustic simulations and analysis
To interpret the resonant frequencies at the void centre, we have carried out numerical elastic simulations with a time-domain finite-element method. We use the model shown in cross section in the inset of figure 2(c), including the gold structure, chromium underlayer and substrate. The excitation is approximated by an impulsive force distributed uniformly over a 1 µm diameter at the bottom of the void and normal to the surface. The functional form of the force is taken to be a quarter of a sine wave for a duration of 80 ps, providing a vibrational spectrum similar to that in experiment. The frequencies obtained are rather insensitive to the exact nature of the excitation for a given rise time of the impulse (for further details see the supplementary data, available from stacks.iop.org/NJP/15/023013/mmedia). The amplitude of the z-directed displacement at the centre of a void is plotted by calculating the modulus of the temporal Fourier transform (over the time period equal to that of the laser repetition), as shown in figure 2(c) . A dominant peak is predicted near 0.89 GHz, close to the 0.73 GHz peak (mode (2)) in the experiment. A smaller peak at 1.05 GHz, close to the corresponding experimental mode (3) peak position, is also seen. However, the experimental mode (1) peak at 0.28 GHz does not appear. The height of the peaks in experiment is not expected to correspond to the simulation because of the neglect of the details of the optical excitation and detection mechanisms, and differences in frequency may be caused by slight deviations of the model from the real sample geometry and mechanical properties. The narrower main peak in the simulation (corresponding to Q ∼ 70) may be a result of the absence of sample defects or the effect of the approximate acoustic source used. As observed in experiment, some smaller resonances are predicted between 1 and 3 GHz. A specific, partlylongitudinal thickness resonance is also predicted near 4 GHz (see the supplementary data).
In order to better understand the main resonance peak in the simulation, we have plotted the associated acoustic fields and deformations in figure 4 . The amplitudes of the deformations ( figure 4(a) A rough estimate of this contribution to the probe reflectivity modulation from the shift in the plasmon resonance can be made as follows: δ R = dR/dω 0 dω 0 /dR 0 δ R 0 , where ω 0 is the angular frequency of the plasmonic resonance closest to that of the probe beam and δ R 0 is the vibrationally induced change in the radius R 0 . As an approximation which applies for our void radii, ω 0 = K /R 0 , where K is a constant depending on the mode numbers and frequency of the Mie-like resonance involved. Therefore
The detection efficiency in this case can be enhanced if the probe wavelength is just off a plasmon resonance, which is likely to be the case in our experiment 14 . Similar considerations apply to the other vibrational frequencies where the void radius is modulated (see plots for U j and for their deformation, as well as animations, in the supplementary data, available from stacks.iop.org/NJP/15/023013/mmedia). It is clear from these plots and animations that significant acoustic energy leaks into the bulk. It is this coupling of the surface-propagating acoustic modes and the substrate modes that is partly responsible for the relatively low acoustic Q-factors that we observe in experiment. Although we have considered a single void array, a wide range of nanostructural design parameters for void arrays are available to enhance the effect of the change in void radius on the plasmonic reflectivity, in a similar way to the enhancements achieved in SERS or SEBS.
Discussion and conclusions
Clearly, a number of interesting questions arise from this study. How does the acoustic displacement field in the sample depend on the source position generating the initial plasmons? What nano-optics is involved in the probe interaction and reflection from the sample, and how is the optical modulation influenced by the detection optics? What is the exact role of the localized plasmonic resonances on both excitation and detection? What is the influence of the propagating plasmonic modes of the plasmonic crystal that makes up the periodic textured sample? To answer these questions, further studies and simulations of the interaction of light with the deformed surface should be carried out to investigate the coupling of the acoustic and plasmonic fields on the nanoscale. Our results represent a challenge for rigorous interpretation and also a stimulus for further experimentation in this unexplored field of research.
In conclusion, the vibrational modes of a plasmonic-phononic crystal have been experimentally mapped for the first time in both the temporal and frequency domains. The use of tightly-focused confocal pump and probe beams in our gold nanovoid array allows the sub-micron spatially-resolved vibrational response of the sample at each point to be assessed, highly dependent on the plasmonic response at the pump and probe wavelengths as well as on the phononic response. Observed acoustic breathing resonances of the voids near 0.7 and 1 GHz are reasonably well accounted for by numerical simulations based on impulsive force excitation. We also note a marked enhancement of reflectivity changes in the centre of a nanovoid for the resonance near 0.7 GHz. Such observations, involving spatial mapping of the SESBS, are analogous to the mapping of plasmonic and molecular systems with SERS or SEBS. The complexity of the nanoscale geometry and its strong influence on the confined electromagnetic and acoustic waves provide a wide range of avenues for sample optimization: an exciting line of future research would be to tailor both the plasmonic and phononic band structures to enhance the resonant plasphonic interactions, thereby opening up the possibility of novel devices such as acousto-optic modulators. Our approach for direct spatial mapping of the optomechanical interactions in plasmonic-phononic crystals should prove vital to the verification and characterization of such devices.
